The aim of the present article was to analyse the adhesive joints of different types of the furniture boards used for the furniture production. The present article included a comparative analysis of the adhesive joints of the particle board and the medium-density fireboard (MDF) pressed with the following types of film: A 0.3 mm thick PVC film and a 0.8 mm thick acrylic film, made with use of a single-component reactive hot-melt adhesive based on the PUR 706.2 ME polyurethane. It was observed that, among others, the adhesive joints made of the particle board with a pressed 0.3 mm thick PVC film and the adhesive's basis weight of 24 g/m 2 is characterised by better strength properties than the adhesive joints of the particle board with the adhesive's basis weight of 48 g/m 2 .
INTRODUCTION
The bonding technology enables to obtain the high-quality adhesive joints that are characterised by high strength and resistance to the extrinsic factors [1] [2] [3] [4] [5] . An adhesive-bonded joint is characterised by a low joint mass, smooth surface at the bond and a lack of heat impact in the bond area [1, 6] . A minimum contraction occurs at the bond during the bonding process. As a result, the adhesive is distributed evenly in the adhesive-bonded joint and does not cause any stresses, which enables to obtain a specified dynamic strength [7, 8] .
The bonding technology enables to bond different types of constructional materials (metal with polymer, wood with a PVC film) that may be used for various applications, including the furniture industry [9] [10] [11] [12] [13] [14] . Bonding is used for bond the wooden elements, as well as to create various layer structures that are subject to further processing and that may be bonded with use of the bonding method later on. Such structures include various types of the furniture boards [15] [16] [17] [18] , e.g. particle board and MDF, which are used for production of either whole furniture constructions or their pieces. These materials are heavy-duty. What differs them from other constructional materials is the fact their structure is inhomogeneous. They are made of various particles that are arranged in a disordered manner [19] .
MDF (Medium Density Fibreboard) represents 90% of the wood-based materials in Europe. It comes as a medium density (from 650 to 750 kg/m 3 product analysed herein is made by pressing wood fibres with an addition of organic binding and setting compounds under high pressure and at elevated temperature. MDF has a homogeneous density and raw material composition along its total cross-section [18] . Thus, it shows a perfect mechanical process ability during cutting. MDF is a basic material used for the production of furniture and interior fittings, such as mouldings, wall panels and caissons, as well as for the production of wood-work elements, e.g. doors. Due to their surface properties, they are suitable for treatments such as covering with thin melamine resin films, varnishing and covering with natural and artificial veneers [19] .
The particle board is a three-layer woodbased material with a sand-papered surface, made by pressing wood particles at a high temperature and under pressure, using urea-formaldehyde resin as a bonding agent. The particle boards are formed from the wood particles, including: woodchips, continuous chips, wood residue chips, wafer chips and sawdust [19] . The inner layer consists of coarse fraction particles, while the external layers are formed from very fine and thin particles (micro-particles). The layers are of different density, whereas the difference may be up to even 500 kg/m 3 . An external layer of the particle board has a maximum density. Thanks to that the surface is characterised by a low surface roughness and a high resistance to tearing off. The higher is the particle board's density, the lower is the internal density. The particle board is a basic material in furniture production [18] . It is also widely used as: lining and insulating material in interiors, partition walls, as well as a base material for the production of worktops, windowsills, wall panels and floors.
The present article includes the analysis of the adhesive joints made of the particle board and the medium-density fireboard (MDF) pressed with the following types of film: a 0.3 mm thick PVC film and a 0.8 mm thick acrylic film, pressed with use of PUR 706.2 ME -a single-component reactive hot-melt adhesive based on polyurethane. The aim was to assess the impact of the multilayer structures' material on the strength of their adhesive joints.
METHODS

Adherends characteristics
The experimental tests included using two materials in the form of samples, which were made of the furniture boards (a particle board and a MDF board), whose surface was covered with two types of the furniture film: a PVC film (variant 1) and the acrylic film (variant 2). The samples are described in Table 1 .
The specified adhesive's basis weights were used during the preparation of the samples made of the furniture boards with the furniture films, depending on the film type and thickness. It was in accordance with a technological process adopted by a wood board production plant. Table 2 presents the values of the physiochemical parameters of a 18 mm thick MDF board, whereas Table 3 -those of the 18 mm thick particle board.
The covers on the furniture boards were made with use of two film types (PVC and acrylic), which are often used as an additional cover in order to protect the furniture board or make it more aesthetic.
A white (backpressure and waterproof) 0.3 mm thick PVC furniture film ( Fig. 1a ), aimed at laminating the furniture boards, was used in the experimental tests. The backpressure film is used to stabilise the stresses that occurred covering a particle board or a MDF board with laminates, veneer and finish film. It is used on a reverse or a bottom side of the elements in order to prevent the board from deforming (e.g. a bottom side of the kitchen worktop). The advantage of a backpressure film is that it may be drilled, cut or milled after having been pressed on the board. In addition, this film type is resistant to scratching, stains and high temperature. The chemical composition of the PVC film is the following: PVC polymer (80-92%), diisononyl phthalate plasticizer (0-12%), and other additives (8%). White acrylic 0.8 mm thick film (Fig. 1b) is a high-gloss film producing a unique mirror effect. It is aimed at covering the furniture fronts. Its characteristics are the following: high gloss, colour durability, high resistance and durability, high stability and wear resistance, high chemical and thermal resistance, as well as easy cleaning.
Adhesives' characteristics
Two adhesive types were used in the experimental tests: a polyurethane adhesive PUR 706.2 ME to bond the film with the board and a two-compound epoxy adhesive Epidian 53/Z1/100:10 to make the adhesive joints. PUR 706.2 ME is a single-compound reactive hot-melt adhesive based on polyurethane. It is made "on the basis of the prepolymers that are moisture crosslinkable" [22] and its density is ca. 1.1 g/cm 3 . Epidian 53/Z1/100:10 is a two-component epoxy adhesive, based on the Epidian 53 epoxy resin with addition of the Z-1 curing agent in proportion 100:10. Epidian 53 is a light-yellow viscous liquid and its characteristics are the following: may be cured at ambient temperature; has excellent adherence to most materials, such as: metal, glass, ceramics, wood, etc.; has good mechanical properties and high resistance to numerous factors, such as: oils, lubricants, diluted alkalis and acids. Thanks to addition of styrene, the epoxy resin has low viscosity and is able to infiltrate mats and woven fibre glass.
The The Z-1 curing agent is used for curing the liquid epoxy resins. It increases the compounds' elasticity and impacts its strength. It is used to make the joints that are prone to deformation, e.g. in boatbuilding for bonding the elements made of wood or polyester-glass laminate, for bonding rubber with metal, thin metal sheets, plywood and for flood filling of elements in electronics. When the curing agent is being added to the resin, the curing process starts. After that there is so called 'open' time left, i.e. the portion of the cure time, 
Shape and dimensions of the adhesive joints
Single-lap adhesive joints of the MDF boards and the particle boards were used in the experimental tests. Fig. 2 presents a scheme of a singlelap adhesive joint made for the experimental tests.
The single-lap adhesive joints were made of the 18 mm thick furniture boards, which were covered with a 0.3 mm and 0.8 mm thick furniture film with use of the polyurethane adhesive PUR 706.2 ME of 24 g/m 2 and 48 g/m 2 basis weight accordingly. The adhesive joints were made with use of the two-component structural epoxy adhesive -Epidian 53/Z1/100:10. Dimensions of the bonded elements were the following: width -20 mm, length -100 mm. The assumed length of the adhesive joints was 20 mm for each single-lap joint. 40 adhesive joints were made for the experimental tests -5 joints from each sample described in Table 1 hereinabove. The adhesive joints obtained in such a way consisted of 7 materials, including those with 6 adhesive joints of various materials of different thickness and properties. Figure 3 and Figure 4 present some exemplary variants of adhesive joints made with use of the materials enumerated in Table 1 hereinabove.
Preparation of the furniture board samples and the adhesive joints
Preparation of the furniture board samples, which were used to make the adhesive joints, included two main stages: 1. Covering (pressing) the film on the furniture boards: MDF and particle board. 2. Preparing the samples from the boards.
In the first stage the film was being covered on the MDF boards and particle boards by pressing. The film pressing was conducted on an automated line. Firstly, a board was cleaned with use of brushes connected to a hoist, and then with rollers. The board was transported to a furnace, where the bonding rolls were placed. A bonding agent in the form of the polyurethane adhesive was distributed from a premelter with use of hoses. Then it was fed on the rolls with the nozzles. The board was heated with use of lamps all the way before it was finally transported to the film feeder. The adhesive temperature was of 140°C, and the temperature of the adhesive on the board was of 25°C. When the board was transported to a feeder, the film was covered on the board. The board covered with film was pressed with two types of rolls: a steel roll with a steel roll and a steel roll with a silicone roll. The roll spacing when pressing a MDF board and a particle board with 0.3 mm thick PVC film was: 18.3 mm -for spacing of the top steel roll from the bottom roll; a minimum underdraft was used, and 17.5 mm -for spacing of the top silicone roll from the bottom steel roll. The roll spacing when pressing a MDF board and a particle board with a 0.8 mm thick acrylic (glossy) film was: 18.7 mm for spacing of the top steel roll from the bottom roll. The silicone roll was not used for pressing the 0.8 mm thick film.
The curing time of the adhesive after the process of covering the film was 48 hours at ambient temperature. If the curing time was shorter, the film could get unstuck of the board.
After the curing process was finished, the second stage was initiated -preparation of samples for making the adhesive joints. This stage was conducted with a panel saw Altendorf F 45 (using the HM circular saw, d=300/z=96). 40 elements were cut out of each MDF board (2800 x 1300 mm) and particle board (2800 x 1220 mm). Each element's dimensions were: 100 x 20 mm.
The last stage consisted of making the single-lap adhesive joints. The bonding process was conducted indoors, at the temperature of 22±1°C and the humidity of 22±2 %. The adhesive joint's curing process lasted 7 days at the temperature of 22±1°C.
The bonding process included four stages: • surface preparation for bonding, • adhesive's preparation, • bonding, • pressure and curing.
Stage 1 -the surface to be bonded was rubbed through. It was cleaned off the impurities with use of paper towels.
Stage 2 -the adhesive was prepared. The epoxy adhesive based on the epoxy resin Epidian 53 was used in the experimental tests. The Z-1 curing agent was used to cure the adhesive. The adhesive with addition of the curing agent was weighed in a container with use of an electronic balance TP-2/1. A correct stoichiometric proportion was kept -100 g of the epoxy resin Epidian 53 and 10 g of the curing agent Z-1. As a result, the adhesive compound Epidian 53/Z-1/100:10 was obtained. The ingredients were mixed at a mixing stand, with use of a horseshoe mixer, with the mixer's rotational speed of 380 rpm for 2 minutes.
Stage 3 -the adhesive was applied on one of the two elements, which were then bonded properly. The adhesive was applied manually with use of the polymer spatulas. It was necessary to apply the adhesive evenly in order to remove air bubbles.
Stage 4 -the last stage included an important condition of the adhesive joint's curing -a pressure. It was done with use of a weight of 1 kg that was pressing two bonded elements against each other for 7 days. The pressure enabled to distribute the adhesive evenly and to make the bonded elements adhere to each other without moving.
Strength tests
The single-lap adhesive joints were subject to the shear strength tests on the testing machine Zwick/Roell Z150. The tests were conducted in accordance with the norm: DIN EN 1465. The tests were conducted at the initial force of 5 N and the destructive speed of 20 mm/min. Fig. 5 shows the shear strength test results (mean values) of adhesive joints of the furniture boards with: 0.3 mm thickness PVC film and the 0.8 mm thickness acrylic film with the adhesive of the basis weight of 48 g/m 2. The adhesive joint samples were bonded with the epoxy adhesive Epidian 53/Z-1/100:10.
RESULTS
Strength of the adhesive joints of the boards with the adhesive's basis weight of 48 g/m 2
Based on the results presented in Figure 5 , it may be observed that the samples of the adhesive joints made of MDF board showed the highest shear strength. The shear strength obtained by the samples of the adhesive joints made of the particle board was 19% lower. The adhesive joints of the MDF board with the 0.3 mm thick PVC film showed the highest shear strength of 3.28 MPa. Their strength was ca. 15% higher than the strength of the joints with the 0.8 mm acrylic film. Similar results were obtained for the adhesive joints of the furniture boards. The highest shear strength was obtained by the adhesive joints of with the 0.3 mm thick PVC film -it was of 1.97 MPa. This strength value was 23% higher than the one obtained of the samples with the 0.8 mm thick acrylic film, which was of 1.51 MPa.
Standard deviation of the adhesive joints of the furniture boards with the 0.8 mm thick acrylic film was at a similar level. The same situation was observed for the adhesive joints of the furniture boards with the 0.3 mm PVC film. Figure 6 shows the shear strength test results (mean values) of adhesive joints of the furniture boards with: 0.3 mm thick PVC film and the 0.8 mm thick acrylic film with the adhesive of the basis weight of 24 g/m 2. The adhesive joint samples were bonded with the Epidian 53/Z-1/100:10 epoxy adhesive.
Strength of the adhesive joints of the boards with the adhesive's basis weight of 24 g/m 2
Based on the results presented in Figure 6 , it may be observed that the samples of the adhesive joints made of the MDF board showed the highest shear strength. The samples of the MDF board with pressed 0.3 mm thick PVC film were characterised by the highest shear strength, which was of 3.18 MPa. Their strength was ca. 67% higher than the strength of the samples of the adhesive joints made of the MDF board with the 0.8 mm thick acrylic board. The shear strength of the adhesive joints of the particle board with the 0.3 mm thick PVC film was of 2.06 MPa and it was 0.88 MPa higher than the strength of the adhesive joints with the 0.8 mm thick acrylic film, which was of 1.18 MPa.
Standard deviation values for the adhesive joints with the 0.3 mm thick PVC film were the following: for the MDF board it was of 0.16 MPa, whereas for the particle board -0.1 MPa. Standard deviation values for the adhesive joints with the 0.8 mm thick acrylic film, in turn, were the following: for the MDF board it was of 0.52 MPa, whereas for the particle board -0.15 MPa. Based on the results presented above, it was observed that the adhesive joints with the 0.3 mm thick PVC film and the adhesive's basis weight of 24 g/m 2 were characterised by better strength properties than the adhesive joints of the with the adhesive's basis weight of 48 g/m 2 . As for the adhesive joints of the particle board with the 0.8 mm thick acrylic film, the joints with the adhesive of the basis weight of 48 g/m 2 showed higher shear strength. Figure 8 below shows the adhesive joints of the particle board with the 0.8 mm thick acrylic film and the adhesive of the basis weight of 48 g/m 2 after destructive tests.
Strength of the adhesive joints of the particle board
When analysing the character of destruction of the adhesive joints, it may be observed that the adhesive joints of the particle board with the 0.3 mm PVC film were completely destroyed at some distance from the joint. A cohesive As for the adhesive joints of the particle board with the 0.8 mm acrylic film, the adhesive-cohesive destruction was observed in all cases for the adhesive Epidian 53/Z-1/100:10. Figure 9 presents strength values of the adhesive joints of the MDF board with the adhesive's basis weight of 24 g/m 2 and 48 g/m 2 .
Strength of the adhesive joints of the MDF board
When analysing the results presented on the graph, it may be observed that in case of the adhesive joints with the 0.3 mm thick PVC film and the 0.8 mm thick acrylic film, the joints with the adhesive of the basis weight of 48 g/m 2 showed higher shear strength. Figure 10 below shows the adhesive joints of the MDF board with the adhesive of the basis weight of 48 g/m 2 after destructive tests.
When analysing the character of destruction of the adhesive joints, it may be observed that the adhesive with the 0.3 mm PVC film were completely destroyed. The cohesive destruction of the bonded material occurred. When analysing the destroyed adhesive joints of the MDF board with the 0.8 mm thick acrylic film, it should be highlighted that in these cases the adhesive-cohesive destruction occurred for the epoxy adhesive Epidian 53/Z-1/100:10.
CONCLUSIONS
After the tests results, the following conclusions may be drawn: 1. The adhesive joints made of the particle board with pressed 0.3 mm thick PVC film and the adhesive's basis weight of 24 g/m 2 are characterised by better strength properties than the adhesive joints of the particle board with the adhesive's basis weight of 48 g/m 2 . The adhesive joints made of the particle board with pressed 0.8 mm thick acrylic film and the adhesive's basis weight of 48 g/m 2 are characterised by better strength properties than the adhesive joints with the adhesive's basis weight of 24 g/m 2 . 3. The adhesive joints made of the MDF with pressed 0.3 mm thick PVC film and 0.8 mm thick acrylic film and the adhesive's basis weight of 48 g/m 2 are characterised by better strength properties than the adhesive joints with the adhesive's basis weight of 24 g/m 2 . 4. The adhesive joints made of the particle board and the MDF board with a pressed 0.3 mm thick PVC film and the adhesive's basis weight of 24 g/m 2 and 48 g/m 2 are characterised by higher strength as the cohesive destruction of the bonded material occurred, i.e. both the particle board and the MDF board were destroyed. 5. When comparing the film types used in the tests, it may be observed that in case of the adhesive joint with the 0.3 mm thick PVC film, the destruction occurred in the furniture board, whereas in case of the adhesive joint with the 0.8 mm thick acrylic film, the destruction occurred in the adhesive-cohesive bond. It stems from the fact that the 0.3 mm thick PVC film has irregular structure, as opposed to the 0.8 mm acrylic film.
The experimental tests showed that for the adhesive joints with thicker film and of regular structure, the adhesive with a higher basis weight should be used. When it comes to the joints with film of irregular structure, less adhesive can be used as it will not have a significant impact of the adhesive joint's strength.
